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Abstract
For the skyrmion-hosting intermetallic Gd2PdSi3 with centrosymmetric hexagonal lattice and
triangular net of rare earth sites, we report a thorough investigation of the magnetic phase diagram.
Our work reveals a new magnetic phase with isotropic value of the critical field for all orientations,
where the magnetic ordering vector q is depinned from its preferred directions in the basal plane.
This is in contrast to the highly anisotropic behavior of the low field phases, such as the skyrmion
lattice (SkL), which are easily destroyed by in-plane magnetic field. The bulk nature of the SkL
and of other magnetic phases was evidenced by specific-heat measurements. Resistivity anisotropy,
likely originating from partial gapping of the density of states along q in this RKKY magnet, is
picked up via the planar Hall effect (PHE). The PHE confirms the single-q nature of the magnetic
order when the field is in the hexagonal plane, and allows to detect the preferred directions of q.
For field aligned perpendicular to the basal plane, several scenarios for the depinned phase (DP),
such as tilted conical order, are discussed on the basis of the data.
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FIG. 1. (color online). (a) DC susceptibility χDC = ∂M/∂H on a logarithmic scale shown as a
function of temperature T and H // c. Phases IC-1 (meron-antimeron lattice M-AM), skyrmion
lattice SkL, IC-2 (fan-like), DP (depinned high-field phase), and FA-FM (field-aligned ferromagnet)
are indicated in these panels and illustrated in (e-g), where red (blue) colors correspond to moment
up (down). Phase DP was not reported in previous work. (b) Example of raw data used to
construct panels (a), with a sequence of phase transitions indicated by red triangles. Note the
logarithmic y-axis. (c) pi-σ intensity observed in resonant elastic x-ray scattering (REXS) at the
Gd-L2 edge with HK0 scattering plane and horizontal geometry. While incommensurate magnetic
order with q = (0.14, 0, 0) could be detected in phase IC-2, no signal appears at this position in
phase DP (magenta curve). (d) Resistivity ρxx as a function of T for different values of µ0H. The
corresponding values for Hint are calculated at T = 2 K. The data show sharp kinks at the onset
of long-range order (black open triangles).
The recent discovery of topologically protected skyrmion spin textures in the centrosym-
metric intermetallics Gd2PdSi3
1, Gd3Ru4Al12
2, and GdRu2Si2
3 with Heisenberg Gd3+ mag-
netic moments has introduced a new paradigm: next to SkLs in (i) ferromagnetic thin
plates with strong dipolar interactions (typical vortex diameter λmag ∼ 100 − 4000 nm)4–6
as well as (ii) bulk magnets or interfaces with broken inversion symmetry and spin-orbit
driven Dzyaloshinskii-Moriya interactions (λmag = 5− 200 nm)7–9, these compounds form a
third and as-yet little explored category; namely, magnets with highly symmetric lattices
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and competing interactions, where ultra-small spin textures of lateral dimensions around
λmag = 1 − 3 nm can be realized. As λmag approaches the size of a single crystallographic
unit cell, the interplay of electronic structure and the giant emergent magnetic field ∼ 500 T
arising from the non-coplanar magnetic order gives rise to large responses in (thermo-)
electric transport1,2,10,11. In addition, the high symmetry of the underlying crystal lattices
promises new phenomenology, such as enhanced control of helicity and vorticity degrees of
freedom12 and degeneracy of various types of magnetic order13.
Progress in materials search was mostly motivated by early theoretical works, espe-
cially numerical simulations on the two-dimensional triangular lattice which predicted SkL
formation both in the case of frustrated exchange interactions (e.g., in insulators)12–14
and in the case of conduction electron mediated Ruderman-Kittel-Kasuya-Yosida (RKKY)
couplings15–18. Our target compound is centrosymmetric Gd2PdSi3, which crystallizes in an
AlB2-type hexagonal structure with triangular lattice layers of Gd
3+ magnetic moments19.
In between the triangular planes, honeycomb nets of Pd/Si sites harbor conducting electronic
states. It was pointed out early on that below the ordering temperature TN = 21 K, the
sequence of phase transitions as a function of externally applied magnetic field H is highly
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FIG. 2. (color online). Specific heat of Gd2PdSi3. The boundaries of IC-2 and DP were marked
by black open triangles, the upper boundary of IC-1 by a black disk, and the onset of phase SkL
by a red square. Inset amplifies the curve recorded at µ0H = 0.9 T (µ0Hint ∼ 0.7 T), confirming
that SkL is a thermodynamic phase. Note the characteristic two-step ordering in H = 0.
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anisotropic21,22. Such a behavior arises naturally as follows: In H = 0, the wavevector of
the magnetic modulation q is aligned within the hexagonal basal plane23. H // c maintains
the high symmetry of the hexagonal lattice and preserves the degeneracy of three equivalent
directions of q. This configuration therefore allows for non-coplanar multi-q ordering, but
any component of H in the hexagonal basal plane breaks the symmetry and is naively ex-
pected to destabilize multi-q order1. For example, the SkL collapses when H is tilted about
40◦ or more away from the c axis1.
Here, we carefully discuss the magnetic phase diagram of Gd2PdSi3 over a broad range
of T and H, and show that isotropic behavior with respect to the field direction is recovered
in moderately high magnetic fields. Our work reveals that the ordering vector q can be
depinned from its initial orientation along the a∗ direction. In the process, we introduce
the planar Hall effect as a powerful tool to determine the preferred orientation of q in this
material class, and to confirm the single-q nature of the field-induced phases for H in the
basal plane. The present findings indicate that control of the ordering vector with electrical
current may be possible in centrosymmetric magnets with very short-range spin textures.
We begin with the investigation of the magnetic phase diagram of Gd2PdSi3 for H along
the c direction (Fig. 1). The single crystals employed in this study were grown by the
floating zone technique1,10 and cut and polished into the shape of a small cuboid (plate
with current density J // a) for magnetization (resistivity) measurements. The effect of the
demagnetization field was corrected according to Hint = H −NM , where M is the magne-
tization density and N is the demagnetization factor calculated in elliptical approximation
(see Supplementary Information20). We extract the DC magnetic susceptibility as a field
derivative viz. χDC = ∂M/∂H, where M was measured in a commercial vibrating sample
magnetometer. As compared to previous studies1,21,22, Figure 1 reports the existence of a
new, as-yet unnoticed high-field phase (DP) and also clarifies that ordering in H = 0 pro-
ceeds through a sequence of two consecutive phase transitions [Fig. 1 (a)]. In panels (a,b,
f, g, h), we have further labeled and illustrated phases IC-1 (helical, possibly multi-q, see
below), the skyrmion lattice SkL, and the fan-like state IC-2, all of which were previously
resolved using resonant elastic x-ray scattering (REXS) at the Gd-L2 edge
1. These three
phases were found to be incommensurate with the crystal lattice, with characteristic mod-
ulation length λmag = 2.4 nm. The corresponding propagation vector in reciprocal lattice
units is q0 = (0.14, 0, 0), or linear combinations of q0 and symmetry-equivalents in phases
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FIG. 3. (color online). (a-c) Phase transitions for H along three high-symmetry directions, with
the onset region of phase DP highlighted in red shading. Solid lines mark increasing, dashed lines
decreasing H. (d, e) Phase diagram as constructed from the derivative of longitudinal resistivity
µ−10 ∂ρxx/∂H. Insets depict the geometry of the respective rotation experiment. The dip in the
signal around µ0Hint = 3.5 T indicates the boundary between phases IC-2 and DP. The boundary
remains sharp when rotating in the c-a plane, but is washed out for H close to a∗. Panels (f, g)
illustrate the proposed nature of the phase boundary for in-plane H: q realigns only for H // a,
leading to a sharp first-order transition in configuration (f). Blue shaded areas mark the rotation
plane of H, and the white cone describes the spin arrangement in the field-polarized spiral state.
IC-1 and SkL1,23. However, the REXS technique was unable to detect intensity at q0 in
phase DP [Fig. 1 (c)], which is separated from IC-2 by a first-order phase transition (see
hysteresis between up-and down field ramps in Fig. 1 (b) around µ0Hint = 3.5 T). Note that
at 4 T, the Zeeman energy of an individual Gd3+ moment is roughly equal to kBTN , where
kB is the Boltzmann constant.
The phase boundaries, already apparent in χDC, leave a somewhat sharper fingerprint in
measurements of the electrical resistivity ρxx [Fig. 1 (d)]. We cooled the sample slowly while
keeping the magnitude of H fixed; a sharp kink in ρxx, especially clear when µ0H > 0.9 T
(corresponding to µ0Hint ∼ 0.6 T, although µ0Hint changes with T ), appears at the onset of
long-range order in phases IC-2 or DP. Moreover, we have also confirmed the bulk nature
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of the phase transitions by specific-heat measurements cp(T ) using a relaxation technique
(Fig. 2). Note that cp was previously reported for a polycrystalline sample
3. The inset of
this figure amplifies a curve which shows a kink upon entering the SkL phase. In H = 0,
the onset of in-plane correlations, i.e. the sinusoidal state IC-2 (fan-like in higher fields),
occurs before the development of full helical-type order in IC-1 [Fig. 1 (a)]. Such a two-step
ordering process is also observed in the closely related material Gd3Ru4Al12
2.
Let a and a∗ be vectors along the [100] and (100) directions of the hexagonal basal plane
in real and reciprocal space, respectively. Further let us recall that these two directions are
inequivalent from the viewpoint of symmetry. Transport properties and bulk magnetization
at the lowest T = 2 K for H along the c, a, and a∗ directions are reported side-by-side
in Fig. 3 (a-c). From the raw data it is apparent that the sharp first-order transition at
µ0Hint = 3.5 − 4 T is present only for H // c, a (red shaded area in the plot). We expand
on this point by showing the full data set for µ−10 ∂ρxx/∂H as a function of field orientation
and amplitude in Fig. 3 (d, e). The contour plot was assembled from isothermal ramps at
T = 2 K where the field magnitude H was decreased continuously. The boundary between
IC-2 and DP, marked by a minimum in µ−10 ∂ρxx/∂H, is conspicuously washed out in close
vicinity of H // a∗.
As noted above, phase IC-2 is known to be fan-like for H // c, i.e. there is an oscillatory
(sinusoidal) in-plane magnetic moment mq ⊥ q, c coexisting with uniform magnetization
M // H [Fig. 1(g)]. When starting in IC-2 for H // c and tilting the field towards the
basal plane, no sharp phase transition could be detected; IC-2 for H ⊥ c may therefore
be assumed to be fan-like, or there could be a smooth cross-over towards a conical spiral
as the field rotates. Figure 3 (f,g) illustrates the scenario proposed here for the transition
between phases IC-2 and DP, assuming without loss of generality a conical spiral in phase
IC-2 for H ⊥ c. A sharp first order transition occurs for H // a, when q suddenly changes
its orientation to be parallel to H. The transition is absent or very weak for H//a∗, because
H is already parallel to q in this case.
We further study changes of the magnetic order induced by in-plane fields via the planar
Hall effect ρPHEyx (PHE), which measures the anisotropy between charge flow parallel and
perpendicular to q in a modulated magnet via the H-symmetric voltage drop perpendicular
to J [Fig. 4 (a), upper right inset]26. Assuming that the resistivity tensor is diagonal
in the Cartesian frame where x // q and z = c, ρ′ = diag
(
ρ‖, ρ⊥
)
and through a simple
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FIG. 4. (color online). (a-d) Planar Hall effect after field cooling for selected values of H. Insets
of (a): alignment of q and the electrical current density J at various ϕ = 6 (H,J). Upper right
inset: Geometry of this experiment, where H is rotated in the plane of the light blue disk, i.e. the
hexagonal basal plane (a-b plane). (e) Phase diagram for H//a from magnetization measurements,
analogous to Fig. 1(a). (f) H-dependence of the PHE amplitude at selected ϕ values. The red
shaded area indicates the regime of transition towards phase DP.
coordinate transformation one derives ρPHEyx = (J/2) ·
(
ρ‖ − ρ⊥
)
sin (2φ), where φ = 6 (q,J).
It is now easy to understand the distorted sinusoidal shape of ρPHEyx (ϕ) in Fig. 4 (a-d), where
ϕ = 6 (H,J) 6= φ: Due to pinning of q along a∗ and equivalent directions for µ0Hint < 3.5 T,
the signal changes in abrupt steps [insets in Fig. 4 (a)]. Anisotropies
(
ρ‖ − ρ⊥
)
/
(
ρ‖ + ρ⊥
) ∼
2− 5 % are easily resolved in our experiment.
From the position of the flat plateau at ϕ ∼ 90◦ (and not ϕ ∼ 0◦), it is also apparent that
the preferred orientation in IC-2 must be q // a∗. We demonstrate agreement of this result
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with REXS experiments in the Supplementary Information20. The PHE data demonstrates
that in the modulated structure, current flows most easily perpendicular to q. This is
just as expected for the case of RKKY-mediated magnetic order, where a (partial) charge
gap should open along q. As H increases, the step-like distortion of ρPHEyx (ϕ) is reduced,
indicative of depinning of q from the a∗ axis [Fig. 4 (d)]. The maximum amplitude of
the PHE changes sharply at the transition from IC-2 to DP, but no change of sign occurs
[Fig. 4 (f)]. This shows that phase DP is still periodically modulated, with lower resistivity
perpendicular to q. To our knowledge, the PHE has never before been used as a sensor for
the direction of q as well as its depinning transition.
We also observed20 vanishing PHE in phase IC-1, even when preparing the sample in
the field-cooled configuration with H in the hexagonal plane. Such behavior is in principle
consistent with the hypothesis, put forward in Ref.1, that IC-1 is a multi-q state without
net scalar spin chirality, i.e. a vortex-antivortex lattice [Fig. 1 (e)].
Isotropic phases in RKKY-type magnets are an active field of research where new classes
of magnetic order, such as a multi-q ripple state on the honeycomb lattice, have found atten-
tion recently34. We compare two possible scenarios for phase DP in the present triangular
lattice system:
Commensurate ordering - In the R2PdSi3 family, a crystallographic superstructure with
qC = (0.5, 0.5, 1/8) due to Pd/Si ordering on the honeycomb layer was discussed in previous
work33. Frontzek et al. reported locking of the magnetic order to the crystallographic
distortion in for R =Ho, Tb, with q = qC
7,22. In contrast, our PHE experiments indicate
that q ⊥ c for H ⊥ c, inconsistent with qC-type ordering in phase DP. Supplementary
neutron scattering experiments on 160Gd enriched single crystals also suggest that the q-
vector in the DP phase is still incommensurate20.
Tilted conical or fan-like order - The modulation vector q likely takes an intermediate
direction between the a∗ axis and H in phase DP. In the case where the magnetic field is
in the hexagonal plane, the PHE data indicate continuous rotation of the ordering vector
following the external field. In the case of H // c, neutron scattering is consistent with a
gentle rotation of q away from the hexagonal plane in DP. However, the primary component
of q is still along a∗ in this geometry20.
In the absence of strong single-ion anisotropy, the ground-state manifold in Gd2PdSi3 is
determined by spin-spin couplings mediated through conducting electrons35, and by dipolar
9
energy. Note that the Fermi surface calculated for R2PdSi3 (R =Gd, Tb) has both cylindrical
and more isotropic sheets, and strong pinning of q to the hexagonal plane was expected from
previous numerical considerations28,35. In contrast, the presence of q · c 6= 0 in phase DP
would indicate that exchange couplings between consecutive triangular lattice layers should
be taken into account when modeling the magnetic order in Gd2PdSi3. The possibility of
controlling q and the nanometric skyrmion lattice with electric current is left as a promising
direction for future work.
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SUPPLEMENTARY MATERIAL
In the following, we discuss experimental procedures and present additional data in sup-
port of the conclusions in the main text. Further comments on crystal growth, annealing of
single crystals, and sample preparation can be found in Ref.1.
SPECIFIC HEAT
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FIG. S1. Comparison of sample heat capacity Csample and total heat capacity Ctot (sample plus
addenda) at low temperature T . Due to the high density of large magnetic moments and TN ∼ 20 K
in this compound, the magnetic heat capacity of the sample dominates Ctot in the temperature
interval studied here.
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Measurements of specific heat cp were performed in a Quantum Design PPMS-9T cryo-
stat, using the ’Heat Capacity’ hardware option. For the cp measurements, the standard
software package was employed. The cP experiment followed the standard routine, with
∼ 2 % heat pulses applied to the sample. The heat capacity addenda Caddenda were mea-
sured carefully as a function of temperature T . Note that Caddenda is made up of contributions
from both platform and grease.
Our measurements support the assumption that the magnetic torque is negligibly small
for H// c in this magnet with Heisenberg moments; there was no evidence for rotation or
movement of the sample in high magnetic field.
Fig. S2 compares the results of our cp(T ) measurements in H = 0 to previous results
obtained on a polycrystalline sample2 (c.f. also3). In the previous work, the phase transitions
at TN1 and TN2 as described in the main text are washed out, forming a broad maximum
in cP (T ) below 20 K. However, we found quantitative agreement of the two data sets in the
high- and low-T regimes.
DEMAGNETIZATION CORRECTION IN ROTATED MAGNETIC FIELD
The origin of the demagnetizing field Hd is illustrated using the example of an infinite
plate of homogeneous magnetization M, embedded in vacuum with zero magnetization (c.f.
Ref.5). Maxwell’s equation for the magnetic field B = µ0 (H + M) reads (SI units)
∇B = 0 (1)
∇H = −∇M (2)
If the magnetization is completely parallel to the sample plane (Fig. S3 (a)), ∇ ·M =
∇ ·H = 0 at the surface. If however M has a component perpendicular to the surface of
the plate (Fig. S3 (b)), that component must change abruptly at the interface. This implies
the presence of magnetic charges, i.e. sources of the magnetization field, shown as plus and
minus signs in Fig. S3 (b). The demagnetization field Hd resulting from these charges tends
to reduce the ’true’ field viz. Hint = H−Hd.
It is common practice to approximate the shape of a cuboid or plate-like sample by an
ellipsoid with principal axes corresponding to the sample’s experimentally determined width,
length, and thickness. In the case of an ellipsoid, the demagnetizing field is described by
15
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FIG. S2. Comparison of specific heat cP (T ) of Gd2PdSi3 for present work (single crystal, sample
S1, black circles) and a previous report on a polycrystalline sample (manually extracted from
Sampathkumaran et al.2, purple triangles). The external magnetic field was zero. Although the
agreement is excellent in the paramagnetic phase, magnetic phase transitions are much sharper in
the single crystal.
the linear tensor relation Hd = N¯ ·M, where the demagnetization tensor N¯ is represented
by a diagonal matrix and depends exclusively on the relative magnitude of the principal
axes of the ellipsoid4. Note that the trace obeys tr
(
N¯
)
= 1. The following paragraphs
explain our approach towards the demagnetization correction in cases where the external
magnetic field is not aligned with one of the principal axes of the ellipsoid. We make several
approximations in the analysis of this generalized case.
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FIG. S3. Demagnetization correction in thin plates of Gd2PdSi3. (a) In the case of an infinite
plate, the demagnetization factor is zero for magnetization M aligned in the plane. (b) If M is
perpendicular to the sample plane, magnetic charges at the interface between sample and vacuum
(plus and minus signs in the figure) create a demagnetization field Hd which partially cancels the
externally applied magnetic field H. (c) Typical sample geometry used for transport experiments
(sample S3). The crystallographic c-axis is perpendicular to the sample plane. (d) Let ∆θ be
the angle between internal magnetic field Hint and external magnetic field H, and ϕ be the angle
between H and the c-axis. In the case where the demagnetizaton tensor is diagonal, and Nc > Na,
H is closer to the c-axis than Hint.
Consider the geometry of Fig. S3 (d), where H is applied within a plane spanned by two
principal directions x and z, with Nz > Nx. This is the case, for example, in our transport
measurements where x = a∗ and z = c (c.f. Fig. 3, main text and Fig. S3 (c)). Assuming
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Sample # measurement shape batch # NH comments
S1 Magnetization cuboid 1 0.37
S2 Specific heat cuboid 1 0.44
S3 Resistivity measurements plate 1 0.85
S4 Planar Hall effect plate 1 < 0.1
S5 Resonant x-ray scattering thick plate 1 0.14
S6 Neutron scattering thick plates 2 ∼ 0.15 160Gd enriched
TABLE S1. Samples (single crystals) used in this study. The crystal was grown by the optical
floating zone technique in a high-vacuum compatible mirror furnace and subsequently annealed
around 750◦C and quenched in water1. NH is the demagnetization factor, calculated in elliptical
approximation, for the principal axis parallel to the external field H. Batch 2 was enriched with
160Gd isotope to reduce the absorption cross-section in neutron scattering.
that approximately M//Hint in Gd2PdSi3, a material with Heisenberg moments, we write
H cosϕ
0
H sinϕ
 =

(Hint +NxM) cos θ
0
(Hint +NzM) sin θ
 (3)
where Hint = |Hint| and θ = ϕ+ ∆θ (Fig. S3). In a further step, we use the scalar relation
M(H) measured for H//M//a, assuming an isotropic relationship between the applied field
and the magnetization. This assumption entails an error of < 10 %. Combining the x and
z components of Eq. 3, we derive
θ = tan−1
(
tanϕ
Hint +NzM
Hint +NxM
)
(4)
Using this, the relationship H (Hint) at fixed ϕ is now easily determined. As a single-valued
function, it can be inverted to provide a mapping between external and internal magnetic
field.
HYSTERESIS OF MAGNETIC PHASE DIAGRAM
Figure S4 shows magnetic phase diagrams for Gd2PdSi3 comparing both increasing and
decreasing magnetic field, for H // c. At the lowest temperatures, especially the transitions
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FIG. S4. Comparison of magnetic phase diagram with magnetic field along the c-axis for (a, b)
decreasing and (c, d) increasing magnetic field. Data in (a,b) is identical to Fig. 1 of the main
text. Some hysteresis is observed at the phase transitions.
at 3−4 T show significant hysteresis. This is also apparent, e.g., from Fig. 1 (c) of the main
text.
SUPPORTING DATA OF PLANAR HALL EFFECT
In Fig. S5, we show extended data for planar Hall effect measurements in Gd2PdSi3,
which illustrate a point made in the main text with regards to the nature of the IC-1
phase. Although the multi-q nature of this phase remains to be detected by a microscopic
technique in future work, the present transport experiments suggest the absence of resistivity
anisotropy.
A possible alternate scenario for phase DP has been brought to our attention. Namely,
DP may be a tilted cone state, where the orientation of the cone changes without a shift in
the propagation direction (q). To counter this hypothesis, we note
1. For H//c, the neutron and REXS data confirm that q is depinned from the hexagonal
plane (Fig. 1, main text, and Fig. S7).
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FIG. S5. Extended data for planar Hall effect (PHE) measurements on Gd2PdSi3. External
magnetic field µ0H is marked within each panel. Because the field is applied within the plane of the
sample, the demagnetization correction is relatively small, H ∼ Hint. The PHE ρPHEyx experiences
a rapid onset around 0.5 T, the critical field for overcoming the IC-1 phase. The temperature of
the sample was T = 2 K.
2. The transition between IC-2 and DP occurs at roughly the same critical field for all
directions of H, and there are no subdivisions within DP when rotating H. This
indicates a depinning transition for q, independent of the direction of H.
3. Dipolar energy, which is important in the present case due to large Gd3+ moments,
does not favor a component of the oscillating moment parallel to q. A tilt of the helical
plane, while keeping q locked to the a∗ direction, would incur a significant energetic
penalty due to the dipolar interaction.
4. The planar Hall signal, taking a sinusoidal shape in DP, further supports the depinning
scenario. If q were still pinned to the six a∗ directions of the hexagonal plane in phase
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DP, we expect anomalies in the PHE as q moves from one preferred direction to the
next. Such anomalies of the PHE (jump- or step-like) are observed in IC-2, but not
in DP (Fig. 4, main text).
We further note, although this was not demonstrated in the present study, that the PHE
in the magnetically modulated phases (such as IC-1, SkL, IC-2, DP, etc) is expected to have
opposite sign as compared to the case of the field-aligned ferromagnet. In the ferromagnetic
case, we set x//M (M is the bulk magnetization) and again carry out a coordinate transform
as in the main text. Then, the expression for the PHE is ρPHEyx = (J/2) ·
(
ρ‖ − ρ⊥
)
sin (2φ),
where now φ = 6 (M,J). As both M and q (of a helical or fan-like state) follow H rather
closely, the sign of the curve is determined by
(
ρ‖ − ρ⊥
)
in both cases. A distortion of the
PHE curves, as discussed in the main text, occurs in the lower-field phases because q follows
H only with some delay and in step-like jumps, due to pinning to preferred directions.
In the ferromagnetic case we typically have ρ‖ < ρ⊥ in elevated magnetic fields, i.e. the
longitudinal magnetoresistance is stronger as compared to the transverse one. This is in
contrast to the q-modulated phases, where ρ‖ > ρ⊥ as a partial gap in the DOS is expected
to be opened at εF along the direction of q. In fact, we have confirmed ρ‖ > ρ⊥ in the
ordered phases by measuring the angular dependence of the magnetoresistance (not shown).
Local ion anisotropy of Gd3+ magnetic spins is expected to generate some energetic dif-
ference between alignment of moments not only when comparing c to the in-plane directions,
but also within the hexagonal basal plane itself. Naively, this coupling between magnetic
moments and the lattice may be seen as an impediment to the symmetry-based analysis
of the PHE carried out in the main text. We justify our approach by emphasizing that
local-ion anisotropy within the hexagonal basal plane is a higher order perturbative term,
and is expected to be small as compared to exchange anisotropies and dipolar interactions.
ELASTIC NEUTRON SCATTERING ON 160GD ENRICHED SINGLE CRYSTALS
We have grown large single crystals of 160Gd isotope-enriched Gd2PdSi3 using the floating
zone technique. The samples were cut into plates of approximate dimensions 1× 5× 5 mm3,
with the largest face perpendicular to the a∗ direction. Several single crystalline pieces were
coaligned using a Laue camera. The magnetic field was applied parallel to the c-axis, i.e. in
the plane of the sample platelets. Therefore, the demagnetization factor is only N ≈ 0.15
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FIG. S6. Elastic neutron scattering for 160Gd2PdSi3 at H = 0 and T = 3 K. Time-of-flight events
with |L| < 0.02 r.l.u. and energy transfer |E| < 0.2 meV were binned to obtain this cut. The white
dashed box indicates the H-K area which was integrated to obtain the images in Fig. S7 (a-c).
Several crystal pieces were coaligned for this experiment; this is apparent in the twinning effect of
the magnetic pattern. See text for details.
in elliptical approximation.
Time of flight neutron scattering experiments were carried out at the cold-neutron disk
chopper spectrometer AMATERAS9 in the Materials and Life Science Experimental Facility
(MLF) at the Japan Proton Accelerator Research Complex (J-PARC). The sample was
loaded into a vertical-field 4He cryomagnet. We applied the magnetic field along the c-axis,
and therefore the (H,K, 0) plane was chosen to be horizontal. A number of incident neutron
energies Ei were selected using the multi-Ei method, and we here focus on the date measured
with Ei = 3.60 meV. The data was recorded at T = 3 K, increasing the field in three steps
starting from H = 0. The (quasi-) elastic scattering intensity within energy transfer range
of |E| < 0.2 meV was extracted using the software UTSUSEMI8.
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FIG. S7. Elastic neutron scattering data for 160Gd2PdSi3, recorded with increasing magnetic field
∂H/∂t > 0 along the crystallographic c-axis, at T = 3 K. (a-c) Time-of-flight (TOF) data integrated
over a slice in the (H,K,L′ = L) plane, where L is a fixed value. Curves in panels (d-f) are line
cuts of data from (a-c), fitted with Gaussian profiles (solid lines), or a double-Gaussian in the case
of (1− q, 0, L) in panel (f). See text for details.
Figure S6 shows intensities projected into the (H,K, 0) plane of reciprocal space. These
data were obtained in zero magnetic field. Nuclear reflections are observed near the recip-
rocal lattice point (1, 0, 0). Note the splitting of the reflection due to slight imperfection of
the co-alignment of the crystals. Each nuclear reflection is accompanied by six-fold patterns
of satellite magnetic reflections, which are indexed by the wavevector (q, 0, 0) and its equiv-
alents. Similar six-fold patterns are observed at all magnetic fields studied (µ0H = 0, 0.7,
4 T). Therefore, the magnetic ordering vector q is (nearly) aligned with the hexagonal basal
plane even in phase DP.
The elastic scattering data are integrated as a function of K, as marked by a white dashed
rectangle in Fig. S6. Through the integration, the signal from several domains (slightly
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misaligned sample pieces) can be added up. We display resulting profiles in the (H, 0, L)
plane for three magnetic phases in Fig. S7. The intensity at (1, 0, 0) increases continuously
with H, as expected for the ferromagnetic component. Phase DP is characterized by a
strong suppression of the magnetic signal amplitude at q, together with an apparent split
of the incommensurate magnetic reflection into two peaks along the c∗-axis (Fig. S7 (c)).
We analyze the data by considering line-cuts of the K-integrated signal as a function of
L. The nuclear / ferromagnetic intensity at (1, 0, 0) is fitted with a Gaussian function. Its
width and center position are unaffected by the magnetic field, indicating that no mechanical
motion of the twinned sample occurred in our experiment. This is just as expected: Magnetic
torques on our sample are expected to be very weak, due to the Heisenberg nature of the
Gd3+ moment. Furthermore, the magnetic intensity at the incommensurate location shrinks
with H, and its width along L increases significantly. The incommensurate reflections were
fitted using a Gaussian profile in phases IC-1 and IC-2, while the profile in DP was fitted with
two Gaussians on a Lorentzian background centered at L = 0. We found that the intensity
profile along the L-direction is relatively broad at µ0H = 4 T. One possible interpretation
is that the spin correlation length becomes shorter than those in the IC-1 and SkL phases.
Another possible interpretation is that the amplitude of the q-vector has a finite distribution
in real space. To address this issue in more detail, further neutron scattering experiments
will be necessary.
From the present data it is not possible to distinguish tilted fan and tilted conical orders
in phase DP at H // c. No sharp phase transitions were observed as a function of rotation
angle at µ0Hint > 4 T. Nevertheless, a continuous cross-over in phase DP between depinned
conical order in H ⊥ c and tilted fan-like order for H//c is conceivable. Another possibility
is that DP realizes a depinned / tilted conical state for all directions of H.
We further note that the six-fold scattering pattern in Fig. S6 may indicate either a
multi-domain, single-q state, or a multi-q (potentially single domain) state. In the case of
the DP phase, the bulk scattering data by itself is unable to distinguish these two cases.
However, the phase diagrams in Fig. 3 of the main text clearly show that the critical field of
the transition between IC-2 and DP is comparable for H // c, a, a∗. Moreover, within phase
DP, we can rotate the field smoothly in all directions without meeting a phase boundary. It
therefore appears somewhat unlikely that DP is a multi-q phase, even for H // c.
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REXS EXPERIMENT FOR IN-PLANE MAGNETIC FIELD
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FIG. S8. Resonant elastic x-ray scattering (REXS) at the Gd-L2 edge on sample S5 with in-plane
geometry (H//a∗). We show the magnetic intensity for three magnetic satellites around the (2, 2, 0)
Bragg reflection, as described in the inset. With increasing field, the intensity of two satellites is
suppressed to zero, while the intensity of the satellite at (2 + q, 2− q, 0) remains finite in IC-2.
In Fig. S8, we show supporting data which illustrates the single-q spiral (or fan) nature
of the IC-2 phase when H // a∗, in good agreement with the interpretation of the planar
Hall effect in the main text. Note the sketch in the inset of Fig. S8, illustrating the scat-
tering geometry as well as the alignment of the scattering plane. The out-of-plane magnetic
reflections where measured by χ-scans under magnetic field along the 〈11¯0〉 direction.
When increasing H along the in-plane direction, the intensity of two magnetic satellites
decreases, while the satellite whose q is parallel to H begins to dominate the scattering
signal. This is the expected behavior for a single-q state of fan-like or helical spiral nature.
Note that in the fan-like or helical case, Zeeman energy prefers q //H.
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